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SYMB0L5> 

t f 

f) -- co-e®cicnt of absolute viscosity. 
m ft densitj^gms. per cc. or Iba. per cu. ft. > 
r — r^i^ of tube in cms. ^r feet. • , 

• h keaS eras, or feet • * 

v - average velocity of flf>w in (y'.’s or feet per sec(Jnd. 
I length of tube or pipe in cp.’s or fe«t. ^ • 
g --•^^icceleration of gravity 081 cm. or 32*2 ft. per s^. 

• V -~-= co-efrioio 4 it of kinematic velocity. 

= hydraulic mean dq[>th area/perimeter. 

♦ « hydraulic grackient ^ 

C f r * 

•d ~ diameter of tube or phpe 2r cms. or feet, 
c — constant in Chezy’s formula v ■— c Vmi. 

R - resistance per unit of surface in absolute units, 
mSf = co-efficient or roughness. * 

/ = co-efficient in b’Arcy’s formula H ~f ~ ~. 

a ~ constant. 
h = do, , 

P - (i + OmT + •000221’P»r'.C 
. p ^^lerimeter of a pipe pr chanrtel. 

T = temperature ®C. 



THE IFLOW. OF 
-PIPES 

inIproduction 

Before ‘any system* of pumping %t moving'" 
liquids caft be designed an^ installed magni- 
tucte of d;he lesistances to flow in the condbits 
must ^first be accurately estimated. The 
chemical engineer liere has a itiuch morObdiflScult 
task than liis more fortunate Jbrother thei 
hydraulic engineer. *The dormer deals with 
Jnuch Y^i(h?!’ range of fluids ^nd these under 
all manner of phj^sical^condiflons, the latteij 
confines himself to the flow of water and tliis 
only at ordinary temperatunjs. Thus the 
uHit^mioal engineer requires to know the genejal 
case of.the^a’y of resistance to flow^of liquids^ 
the hydraulic engineer considers only the ^ 
particular case of water at ordinary tempera- 
bftres. ^Moreover the^ chemical engineer by 
reason of the cont)sive nature of many of the 
mbstancee ^yhich he hafi to move is prevented* 
from using mechanical pumping devices and 
s compelled to adopt sudi devices as the air 
ift, the design ^f which depends entirely en 
fixe accurate estimation I of frictional resist- 
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'anc^s. inay be accepted as true that th8 
tardy recognition of the'meritg, pf the air or 
^as lift is due,^more than anything else, to the 
eiVant of accurate Wthod§ ipf .estimating -and 
formulating the factors controlling resistances to 
yqwid'flow. The tendency of ‘modern cKemichl 
engineering *to develop continuous processes in- 
stead of batch or intermitjbenf processes nficessi- 
tates the ilso of careful and cuntinuouS methocjs* 
^ of measiflrement of yquids and gase^ employed 
in *the processes. Hence the laws of viseous^ 
flow must be accordmgly 4<^termiqpd, 

TJiis --work is ‘an attempt to provide \lie 
•chemical engineer with a sound working scien- 
tific formula for the flow of liquids, of v^hatWer 
character, undei^all possible condfWon^, Thfe 
formula breaks* new g^bund^ in that it departs 
entirely from the usual hydraulic formula, ai|^ 
it is based ^ upon the researches on the two 
modes of motion of Osborne Reynolds, -ftrSt , 
^published dn 1883. Reynolds /Ji^overed the 
• criterioq of flow as a function of velocity,, 
temperoduro and the quantity called kinematic 
viscosity. Unfortunately,^ however, thgre hhs 
not till recently been suflfibient experimental 
‘ datirpublished to enable the ordirvtry engineer 
to use thii^ criterion to obtain the correct value 
of a constonl-^ in Chezy’s formula : 

« V = cVmi. * 

Stanton working at }^he National PhysicA. 



INTRODUCTION i 

Eaboratgry has carried out a complete* series** 
of experiment^, on th^ flow of^ah and the flow 
of gas through tubes of various sizps, and# 
plotting his re§ul^p' according to a ^method # 
sugg^ted by Lord Rayleigh ho lias given us 
* the coihplete relation between flicf forces heqps- 
sary to overcome re*sista«cc to flow and the 

• ^ 

•criterioti r-. It matK be recordecW that the 

• ‘ ^ • 

enormous* literature which ^exists on Itydraulic ^ 
flow* is Solely concerned with purely surface 
friction ^of jvater in large conduits and rivers 
wi#fi here and there attempts to coiwct.for 
viscosity in a purely^ empirical way. 

The itttcmal factors of resistance to gow hav(i. 
(luring tlie^last fifty years been very carefully 
studied in connexion hjitJi thS development, 
the ^American oil fields, ancj extraordinary 
means have been taken to reduce the internal 
Iresistauce by means of rifled piping and th^ 
emulsifying *of^ the oil with water. • Unfortu- 
*nately little attempt was made to inegrporate * 
these factors in a rational formula. However 
the Stanton curve uppn which the folloAving 
work is bj^ed h|il provided engineers of all 
classes with a complete scientific formula 
adequate enough to satisfy all practitj^ require- 
ments. The use of the St^nton'^rmula would 
have been usele^ without the calibration afld 
^.standardization of the, viscosimeters to obtain 
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* • ' ® • 

reajiily iho ‘value of kinematic viscosity for arfy 

practical soluti()n of which th^ ijonstants were 
not known, '^hree such viscosimeters have been 
fetandj^rdized, the* Redwood, JEngler and the 
Saybolt, and Chapter VI gives the focmul® 
,and*curves ct)nnccting the secotids flow Vith’v. 

The factors which govern* the 'rate of flow 
of a liqifid moving through a pipe, fall ijfto two 
main clashes or groups. * Group 1 : the interqar 
group 5 *^ comprises ^tho* cha»acterisfics of the 
liquid itself, namely, density, which dctermincfj 
the energy available to produce, flow f vis- 
cosity^tho intefnal friction of the mdleJ^les 
of the liquul itself and which retards the flow ; 
,the inerjiias or the hydroniechanicai criteria 
which govern tlie formation of cddylhg.streanA, 
thus increasing the e^Srgy required to produce 
a certain mode^ of flow. Group 2 : the extemqj 
group ; includes such factors as hydraulic 
mean depth, length, roughness of the* surface J 
of the pipe, and gravity head., • • 

In tl\o year 1883 Professor Osborne Reynoldsj,, 
read a paper on “ An Experimental Investiga- 
tion of the circumstajices which d^termlhe 

whether the motion of watA: shall be direct or 
. • • • 
sinuous, and of the la^ of resistaqperin parallel 

channels/’ in which the nature of the internal 
factors govcuring •fluid resistance was first 
indicated. It is strange that i^ has taken almost 
forty years for this tknpwledge to filter dowm^, 
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to ordinfttry hydraulic; and mejhanical^engineer-* 
ing, for it i^ •nly within .the last few ’ years 
that any attempt has been ijiad^ to ineprporatef 
these internal facers intp a rational &)rmifla‘ 
for Mie use of engineers. , ^ 

Notwithstanding .the basic cjiaractdt • of 
D’Arev’s formulfl; * 

^ ’ d2g 

and 'the Inany attempts t© give a trTft? .Value „ 
\o fho co-efficient*/, th^ best thing tliat has 
yet appeared is the. work of Barnes in a recently 
piftlishcd book, Hydraulic Plow ReviT^d*, to 
devise a logarithmic, formula which would fit* 
the Mississippi River and a small earUi channel 
in. wide and 10 in^ deep. ^Hiis formula is : 


ivherc v = vel. 


V ^ 58-4m’® 
ft. per sec. 


m= hydraulic mean depth j in feet. 


i = hycftaulic slope 


Barnes’ work is worth study, if only 4o show 
that logarithms may^c^ver a multitude of sins 
and that j;ure eul^iricism can be dressed up 
to appear *as the latest scientific novelty.* ‘He 
gives a host of formulae based on ^thp •pattern ; 
V =^Kwi H to suit all kinds of Tiydraulic flow, 
and when one sdbs the mj^ny attempts to git^e 
-^reasonable accuracy to value of / in D’Arcy’s 
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* * " ' ^ * • 

’ formula * the pi^e hydraulic and mechanical 

engineer owes a gi:eat debt to* Barnes for col- 
lecting,- a ma^ of very ^carefully ‘conducted 
* experimental results, and fo» determining Vith 
wonderful accuracy .the constants m his^ 
logafithmic,tiiough empirical lofmulae. It may 
interest the reader o‘i this p^tmphlet to notice 
some of*tbese attempts ‘jo square D’Ar^iy witl^ 
the truth. For instance, D^Aubusspn, Prony, 
t and* ,Eytelwein make ^ttie co-efficient* / de^nd 


1 r 6 * 

on V only, thus : = a . ^ • 

. /’ »» • • . ^ 

* * 1 ^ & 
Weisbach, submits the following • — 

^azin makes / depend on d instead qf vj'thus : ^ 


Knutter’s co-efficient depends on hydraulic 
gradient and hydraulic mean depth, and he, 
dihrows in a sub-co-efficient n for , roughness. * 
For a iSfcan iron pipe D^Arc3f gives :* 


4/ -■02(1+ a)- 


Na wonder then Bamessrejected the above at- 

may be Excellent foy the case of water at ordin- 
ary temperature, they are not ijufficiently geaeral 
in application for use in chemical plant design.^ 


temptato derive rationed formtdae and j^k refuge 
in pure empiricism, but although* his formulae 
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FUNDAMENTAL KESEAtl0HES ON . 
. VllSiCOUS f LOW • 


In th5j)aper already .fnentioned Re^ftolds set 
out to fin& an explanation for the two modes 
of flifid motion ; one st^dy^stream-likcf motion, 
the cthef unsteady^ and sinuous. In the first 
case pesistaiice varies directly as the velocity, 
whiie m the second resistance* is as the'wjware 
of velocity. Most of^ Reynolds’ research work 
has a philosophical basis, and much of thi^ 
^per is, tAken up with the study of Stokes’ 
equations of fluid ^lotidn. 

^ Froin the study of the equ§,tion8 of fluid 
motion Reynolds* cfbtained his clu§ to critical 
;velocit 3 » being dependent on — 


• where Pec * 

. d density » 

but his work is memorable because * of the 

ingenui^ and beauty, qf his experimental .work 

to determine the y&lue of the critical velocity. 

In one class of experiments water was drfiCwn 
through glass tubes B, Fig. 1, of.vqrious dia- 
meters up to 2 in., immersed ill* a *large tank 
C constructed ^th gbup sides. On opefl- 
ing the cock A water •flows through the 

13 • • 
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• • 

•erperimental pipe B at velocities depeijcling ort 
the. amount of thfc opening of the pock. A fine 
«tream of water coloured with a dye.is allowed 
•Db enter the trumpet end of gipe B from a vessel 



Fia 1. • . 


JX “ When the velocities were sufficiently • 
low, the streak of colour extendqfi ih a beautifiil 
straighli line through the tube ” as in Fig. 2. 


• • • » 

•• Flo. 2. •• 

“ If thg hi the tank had not quite 

settled to rest'at sufficiently low velocities the 
sHteak would shift ^out th^ tube, but {here 
was no appearance ef i^uosity. 
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As tte velocity was increased* by snjall 
stages, at some point In the tiA)e, always at- a 
‘considerable distance from the trumpet or* 
intake, the colouf woulfl alT at onc§ mix* 
up w^h the surrounding water and fill the 
rest of the tube* with a mass •of coloured , 
'water ” as in* Fig^ 3. • 



V “ (5ij viewing the •eddies by the light of an 
electric* spark the mdss of colour resol VQ^^jj^elf 
into a mass of more or less distinct curls, show- 
ing eddi^” as in Fig.* 4. 



<r> , ^ ' 




0 ^ Fio. 4 . , 

Any initial disturT^ance of the water tends 
to reduce the velocity at which the motiort , 
changes 4roin steady to sinuous, aifd which 
js termed the critical velocity. 

Reynolds in his paper mentions that when 
oills p<uired on the ^ufaee of a pond, at^one 
time the su^ace appears like a looking, glass, 
and at othSr. times the surface is rippled* tip 
and the reflection takes the form gf grimacing 
images, like that of sheet* glass. The clear 
impression corre^nds i|p the 8tream-lin% 
motion ; the rippled grimacing effect is due 
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' to 4;he formation of ed^es at the bounding 
^ surface of the oil and the water in the pond. 

Poiswiille iij connexion with som'e work on 
the flow of blood in anim'ab tissues carried out 
very extonsiva rfsearches to determiiw the 
•rate* of floy of liquids through small capillary 
tubes. He laid do^ a Isfw that the flow 
through" capillary tubes,, varied directly 'as the 
velociti|^ He proposed the formula: . * 

V'= * 


Where V = volume transpired in cp. • 

L = length of capillary. 

D = diameter capillary. 

> *11 = pressure in mm. merc;s?y. 

K == h factor ,which is a constant for 
efich liquid at a given tem- 
. perature. ^ ^ 

This law .governs the standardization of most 
• df the modem viscosimeters, • • 

Anothdt experimenter in this held,® D’Arcy, 
carried out a careful series of experiments ha^ 
1867 on the flow of water through cast-iron 
pipes having diameterst i^anging from iru’to 
20 in.. His conclusions, wnich arp set out in 
a memorable paper, are that tha resistance to 
flow varied /is the square of the velocity, and 
has left oh record the general formula: 

• '.d2a 
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• * * . * • * 
where /•is a factor ^ which, as^ alfeS-fly. men- ' 
^ tioned, depeifd^ upon many Variables. How 
these two inodes of motion are connected and* 
at \fhat point • siieam-liae flow changes to • 
cddyiRg flow Reynolds was t^ie garliest to show, 
first by observiftg* the flow of coloufed str6atn» 
and second by ii^csti^atftig the law of resist- 
ance in^the flow of lic|pid through pjj)es. If a 
force rcqugL-ed to ^ause flow be represented as 
a sld^e of* pressure, in Sthe# words, if itfb Jicad • 
It r^uired b6 divided Ijy the length I and 



LoiK 




Fio. 6. 


• • 

velocity V be considered to be the meto velocity 
of flow through the pipe,\then if the log. df 
h be plotted against tha Ipg. of v, the position 
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•whqre.stf^amline flow breaks down into sinuou^ 
flow is' clearly iifdicated ty the change in the 
•fitngle of inclij^ation of the curve, * Referring 

• to Fig. 5, the line ftopa the*Q^;igin to the point D 
makes an an^le pf 45° to the base, showingrthat 
the head h varies directly as ^ because tangent 
of the angle 0 = 1. •From rpint D to B cor- 
respondif to a period of in^abmty, and according 
to Reynolds’ experiments the increase of head* 

• is thfee times that fop ^ream-lino flow. Jfrom 
point B onwards to p the^flow Is st8ady*and 
corresponds to a stable suiuous motipn? and 
in ttwrdhse of lead pipes Reynolds found that 

• the inclination was in other words, hoc 

<^1*722. The points D and B are critical velo- 
cities. The pohit D is^ termed lower critical 

6 velocity, and B is termed^ the higher critical 
velocity. This critical velocity is a ^pnetio^ 


of V, d, where v is velocity metres per sec. ; 

d diameter in metres ; t] is viscc^ity in .absolute 
umts ; . and p is density. This expression is, 
general for all liquids under all conditions, 
and for water Reynolcjs^ves the foUowiife; 

1 




y y 
^ d* 


where B = ^1 + OSSej + 000221T*)~' 
and T temperature of water on ° C. 

^The value of b is ^3*79 for'the lower cntical 
velocity, and 278 for the high critical velocity. 


•• 
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'Kie valu^ of this formula, which ^ay be tergied • 
the Reynolds’* Criterion, is at fast being ^appre- 
ciated by engineers in the dovelopmcijt of a* 
rational formula liqujd® flow, wliich wilP < 
apply^to all liquids under all conditions. One 
point,, however, • must be noted— Dhcre has^not^ 
been very rauoh «experimental data to obtain 
very accurate val5bs the constar^s^and for 
a wide ran^o of substances. Howevet, Stanton 
(Re 5 molda? formeil Assistajit) has cortVpletely ^ 
w^rified the general law and supplied the engineer 
with a basi^ upon which to construct the new 
formula. * • 

Reynolds, however,^ ^overlooked the import- • 

^ce or the function — as an argmnent or* 

* • * 
common denominator fn fluid* friction, but 
^pears^ to have been the first to use logarithms 
in plotting his restfltS. This is to be regretted, 
for it has set the fashion in exponential formulas, 
of which 5arry, the Engineer-in*Chief to 
the English Electric Co., tells me, ' .one is 


announced once every month or oftener. 

As ajready stated ipage 10) the law of 

• ^ vl 

similarity^ of conditions represented • by — 


produces similarity of motion” was tot made 
known by 0. Reynolds in 1883? •This law, 
though verified by manyyao’eful ei^riments, 
was really the outcome pf ^thematical insight 
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* which .cHMracterizes so much of Re 3 aiolds’ worS. 
His experimental ^ta was then ‘not sufficient 
•to attr^ict the^ attention of engineers who are 
satisfied with a simple f ormijla Accurate enough 
to guide them^ in^ practical work. However, 
the Yapid development of tAiep aeroplane Has 
drawn attention of the sciei^ific world to the 
need of h rational formu^ governing tl\e* resist- 
ance of planes through tho*air. Stanton and” 
his ^smltants working bn this subject the 
National Physical ^Abor^tory ’havef cavried 
out a classic scries of experiments on ^h6 flow 
of twr, Vater and oil through smooth *dra*wn 
brass pipes .of various (li^-ineters. The results 
put on a firm basis the above-mentkmed law 
of similarity of ^uid forming the modem theory 
, of flu\d friction mora comprehensive in char- 
acter than thQ older H’Arcy formula wi^h il^ 
floating factior /, and excepting for the difficulty 
comparing degrees of roughness for'variou8«V 
sizes of pipes adequate enough t© banish empiri- 
cism tQ the limbo of the past. The criterion., 
which governs the law of fluid resistance is; 

' where v = velocity • ^ 

i.== linear dimension of the system 
^ — kinematic, viscosity = -5- 

I • p 

where y = absolute viscoecty 
P 4 density 
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{oT a pipe d.is Bubstjtuted iork tbdlsr: 

• • vd , ^ 

and tor a channel perimeter p is th^ lineal* • 
dimension : 

The new theo^j has tfeen well summarized 
, and a^i^pted to the use§ of the hydrauiicf engineer 
by Mr. J). Parry, Engineer-in-Chief to the 
English Electric Comfiany* in a pam^Jhlof on. 
Theory of Fluid ^rictioj^ and ita Application to 
Hydfa^ics^ published in his Company’s journal 
Bftefly, the new theory states that the resist- 
ance per unit area R^ is a function -of the linear* 
dimenaicrns of the system, the velocity v, the 

viscosity tj, and density •p ; if v= ratio — , the 

• • .9 • 

\inem&tic viscosity^ then ^ =*9? ‘ 

This*equ^tion is perfectly general and appEea 
to all fhoving^ surfaces in any fluid,* liquid or 
•gaseous. 

• For pipes ^ becomes 

where^m = hydrauUc mean depth* 

V = hydraulic gradient 
g = acceleration of gla«^ty 
therefore ^ ==V — • 
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Tp apj^ry'thJB formula, to channels the peri- 
meter p is substituted for d, th6 diameter of 

pijie, tB-us:^=^ 9 ’^. • 

The insertioij of t.he kinematic vils^bsity 

function — «in the floyr form^a^ can only refer 

to the iiftarnal friction the fluid stream and ^ 
can therefore only extend *10 the gurface of 
.the •^joifduit. The ethefiry is tiiie ^ro\d9ing 
the state of the surij^ces pf the' conduits® ar5 
similar, that is to say a .small smooth* pipe 
majr be* as proportionately rough as a 
•large rough pipe. The ne^t stage in the develop- 
ment of Jbhe theory is the finding of suitable 
factors of rou^|l?iess/ Pprry has already mad© 
.such £in attempt. ^ The factor kinematic vis- 
cosity ~ then Is the link which connects th# 
P • 

Pow of all liquids and gases through ccmduits. 
Lord Rayleigh first proposed ^to plot on a 
diagram values for the external resistances* 
against those of the internal resistance, in 

other^ords,-—- as ordin&tfscand — as abscissas, 

Ai R (c.g.s. units) is an inconvenient unit 
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• ** R 

dividing — .^by gf. ^ 

Now boforo any values of these factors ar^ 
given a word or twy*on units is ^dvisab^. 
of tl^.greatest diAcultics*the working engineer 
cAcounters is t^|e^^eat variety •of*units adpgted 
in various counties and* in the different pro- 
fessions. Throughout* the world the •unit for 
* purely ^scientific yorlc is the centimetre gram 
secoud. JStantonJp reae^rches as publiiified by^ 
4he«Nattonal ‘Physical Laboratory, London, are 
given in J)his unit;. Tfle ordinary hydraulic 
engineer uses the foot pound* second, 4vhil^ the 
newly arisen chemical engineer, chiefly through# 
the influence of tho*bench cljcmist who is not 
lit home in the works with a f^ot-rule, is trying 
to adopt the mette kildgram second as a prac-^ 
^ical tod of e.g.s,* system.* 



iLiNEMATIC AND ^BSOLUTH'- 

* ‘viscosity 

Viscosity is a measure of tk^ internal friction 
of a moviig fluid. It force required to* 

move surface of^unit area past another 

' at urfit distance at uAit speed, the ^pace^betijeeii 
being filled with the fluid. * There are various 
ways of jneasuring this quahtity, buT; tRe usual 
,motIiod is to cause the fluids to flow at velocities 
below the critical^ value, f.6. without t^e forma- 
tion of Eddies, ^through small bore tubes o^- 
many diametem in length. * 

• What happens vHiien a licjuid or a gas flows 
through a tube iWthout eddying may be imTaginecf 
as pulling oUt a telescope. The fluid js con- i 
Si^ered as^ made up of an infinitei number of * 
concentric cylinders moving ax&Uy along the 
tube. The outermost cylinder wets the wall 
of this tube and sticks there, the next cylinder 
slips past slowly and eacR luccessive cylinder 
a li1;tle '^f aster than the last ^ill the centre is 
reached where the velocity is gr^test. The 
resistance ttiis sUppiilg of the liquid cylinders 
is measure of thef viscosity. If the head 
required to cause the 6ow is carefully mejusured 
the value of «the absolute viscosity is calculated 

. 24 
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firom the expression jn = 


_ p^*h 1 


where t] =t co-eflficient of absolute viscosity 

dynes per sq. «m. «)f pountlals pqr 
sq*. ff. * * 

g = acceleration • of • gravity — 981, cm. 
o? 52-2 ft. ^er sec. • 

• r = radiiistof tube in cm. or tt. 
ft *= head iji citi. or ft. • 

V ^ average vcjpcity of flow in ^r ft. 

• .per sec. • ’ • 

I = length bf tubb in cm. or ft. 

,The»^alue of tj in*c.g.s. unite must bp divided 
by 14 9 to give the practical English equivafent.^ 
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id’ FLipJV_«pF LIQUIDS IN PIPES 

•The, kin^atioViscosity x or -5. is, the quantity 

• P • 

measured by the brdinary viscosimeter of the 
, R^pdwood, Eng!er or Saybol^ type. The dijnen- 

sion of V is ^ xu. cjr " 


being 


1 


M 
1 


• T 


, the ratio — 

’ ^ ft. lb. sec. 


3048* 92903’ 


Table 1 •in the Appendix gives thcf ’s^liies pf • 
r]y p, )j*for water at Jbampcj^tures fj^om ,0° C. 
*to 100®C. in both sets of units. . • . • 

These values are alsb giveft in Diagram fiig. 6. 

• • CONVERSION FACTORS * * 


— ' .. - 

j 1 ) Absoi^tk VisooafTY v Kinematic \ii8qpsiTY 

o.g.s. units 

# • * * 

ft. lb. sec. units r c.g.s. units 

• i| • 

" - 

ft. lb. seconds. 

1 

• 

• i , . 

.1 i| 1 

14-9 ii 

^ ■! 

• 

1 

929M)3 

• 

• 


-5; in cr.g.s. units in c.g.s. units, where^ 

pv* ® v* ® 

17=S81. 

R in ^ foot lb. _niig in* foot lb. seconds, 
•pv* •second units ~ wnere g == 32*2. 
Therefore in practical units : 






is' fTHE 9? LIQUIDS IN PIPES 

• A' 

p'u* ft. lb. feec. = ft. lb.* sec. 

Fig.* 7, curve B, gives the^ relation of SJ^and 

vd* • « « • • ^ 0 

~*for air and water fis founrf^^ Stanton for a 

very wiHe^ range of values.^ His expeilments 
were con3uctcd on straigkt smoolh drawn' 
brass |lfpes without^ joiifts o^five different •dia- 
meters, viz, 0 144, 0*28, 0-493, M8, 4-9t) inrfic« 

lyti vd * 

The vali^is of and — lie Within a ^ery narrow 

* band through wliich th^ purve given has been 
drawn, • • • • ^ 

A set of vjjiJfles from,(curyo C) experiments 
» by Lander on the f|ow of sl^am and water in a 
drawn steel pipe 0-42 in. diameter, and doscribed 
by him in a paper read before the Royal Society 
•iif 1916, is given on the same diagram, together « 
with a cufve A drawn from date^ given i)j Rey- 
nolds for the flow of water through lead pipes. % 
That temperature has a great influence on 
viscosity is well known,* hu^ as yet no one has 
found .a rational formula • connecting these 
quantities. 

•Poiseitiye (ound tha^ his experimental results 
lofTihe viscosity of Mfsktev could be represented 
by the expression: (1 ^ a* +/W*), where 

a and p are constants. 
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• Meyerg* formula : 

’• Vi = Vc (1 + °*) 

is too simple and only applies over a limited* 

• ^ • • 

range. . • 

SWlAes comes nearer with a formula of the 
type: . 

z=z rj^ (I + /?^)\ where /fand 7i are constants. 
Gia^tj proposecf: •* • * 

rj^=: in wliicji 0 is the criticjal tem- 

• • t ti \ • ^ •** 

peratureC and* is^a tegiperaturo below the 
ineltiTig.pciint, wheye the viscosity is infinite. 
Thorpe and Rogers, reviewing the vafious for- 
mulae above, select SJ[ 9 ttes’ as beuag the most* 
accurate.* Slottes’ formula, •when expanded 
bn the assumption that the temperature co- 
efficient is small, sipiplifies to : 

• • A .* 

1 “f" “f" • 


• Consfonts.in the foregoing formuloB for mafiy-^ 
pure sifbstances and solutions are* given in 
<5astell-Evans’ tables. 

Jn practice for liquids of unknown composi- 
tion it is preferably tonise one of the standard 
viscosimeters and* dedu 9 e >? from the»cqrves. 
shown on Fig. 9. Care must be taken to 
determine accurately the temperatu)^* The 
fiowaof water is increase® about 1 J- times 5qm 
0® C. to 100® C. toiling p^int. 



•IV 

RIJLATION-BBTWEEN MEJ^ VELOCITY 
* AND VELOCITY.AT AXJ« OF PIPES 

In the cas® of stream-linQ*fiow of a viscous fluid ^ 
through a pipe the ratio of "the mean velocity 
,over*tffi section to *thc •velocity at fiie oehtre 
is 0-5. Here both tl^fory ^nd experiment •ar® 
in agreement. The value, of this, r^tid for 
eddying *or turbulent flow depends on the 

function Stanton’s* •careful experiments 







$2’ ^HE PLOW OF LIQUIDS IN PIPES 

•are ^descfibed In Naliona} Physical Labor atofy 
Collected Researcfie^f VoL XI, 1914, and from 
•which Ihe curve Fig. 8 has been obtained. It“ 

• * * . ^ .f. *» .1 . • V 

is seen that at the critical velocity the ratjj^-^: — 

fs log. 3*5 or 2,050, rising once to 0*7 and 


increasing^ to 0-82 for c*ddymg flow. , 

In the use of the Pitot tiibe for asccrtainifig 
• velociffes it is novi Only ndccssary "to obtain 
V max. instead of taking aenumUcr of»readlngfe 
across the section and calculating V inearf. 
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vdi 


DIAGRAM 


vd 


Owing. to the enosmojie range of vaju^s of 

• * • • * 

and of (001-1 0), the ration 

o^t^ese Jquantities plotted logarithmically, 
Fig. 10.* • The curve "between walues of from 


1 to 2,050 is a line sloping downward. at an angle 
•of 45° io 4he horizontal and ihfers to* stream-* 
ITne flow .where thje he§,d h varies directly as 
the velocity v. ^ • , 

^The equation of this portion oi the curve is : 

== 8 — or ^ — 8 ^ * 

^ • v* vdg pv* vdg' • 

The pojnt B indicates the lower critital point 
where : 

^ = 2,050. 

• V 

The point A corresponds to the higher crifical 
value where: * . * • 

^ = 2,900. 

Thew region between poi™ A and B is that 
of unstable flow. • 

As it ih of small importance in practical work 
• S3 tf * 




THE ^ DIAGRAM . 3* 

ife significance need# not ficre* be cfiscussed. ’ 
Gibson, in Kis work on .hydraulics, explains 
this point of unstable flow^at Jength. • From* 
the jtoint A onwarjis the •curve sweeps gently * 
dov/TitfArds to parallelism . at infinity. No 
portion of this curve is straight, go thaf fhft 
logarithmic gentlrmen may rest their ^ouls in 
^silence* J?Jo logariJhnfic formula haij^^any basis 
inVeality gnd is pute empiricism. The work of 
Kcyfiolds And Froude exttnis over too naK*ow a < 
rf*||1^n for tlie errors ^f tlu^index ratio to be seen. 

Th^ ^urv^ from p^int A on\^ards corresponds 
to sinuous or turbulent flow on which the main ^ 
hydraulic flow formul(« built.* It will bo 
•seen la^r that the flow of many chemical liquidf^ 
IS* strean» line. T^ius, strong .|ulphuric acid 
be taken as example, w6 Ijave ?? — *2658 in * 


afcsplut^ units at 20® C. 

P = 1-84 


1 


4r 


- =• ” = Tia: = 

•p 0 

d — 5 cm. (about 2 in.) 


then criti^ velocity is reached when: 
— 2,050 


V — ^’ 9. ^ y . — 59 ’ cm. per see. (abou4 

2 ft. per second). ^ * 

Thai rate of fl(jw is equivalent to about 16 
gallons per minute. It is obviously an advan- 
tage to Keep* the flow beloV the critical vqfocity 
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‘because the fieacf required varies ‘only as 
velocity, and no^ as .velocity squared as in the^ 
ysual hydraulif. fl^w. 

That portion of the curf^ relating to i^tirbu- 
lent ^flow is ^plQttod to a larger and dftf^cnt 

scale in Fi^. 7. Tte actuai/Values of ^ in 

• • * R • . 

foot poun^i second unit^ and — in cft.s. units# 

• are plotted as abscksse and log. as'o/diiiates. 

f • 

The lower curve A gives the flow thfougli 
lead pipes froiii Reynolds’ experimdhts on 

• water ; the^ middle ciuwe B Stanton’s results 
^n the flow of water and air tlirough egmmer-, 
cially obtained smooth solid drawn b^ass pippT 

^ while the upjfer cur^e*^ b giv’es Lander’s figures 
on the flow of §teaAi and air through solid dravji 
steel pipes.. Parry in his pamplilet has' plotted 
acchart giving the flow of water through largtj^ 
steel and cast-iron mains of about 4^ in. dia- 
meter, . from which an idea oJ the factor j^f 
roughness can be obtained. As already stated 
the position of the tur^ident-flow curve on the 

^ graph is a criterion of the surface rough- 
ness of the pipe or conduit only. The resistance 
off^ed byi tjast irory (asphalted) is much the 
same as that of Stanton’s prass pipes, •while 
riveted steel pipes seem to offer a much greater 
resistance.* 




* The chciilical engkieer has this advantage over 
the*hf'draulic engineer •that he has at coHlmand^ 
hkt*resojirces*of a modern chemical laboratory. 
If Rirry can urge the use of this formula for 
wnter/how much more shotld the* chemical 
engineer seize upon this new metligd of express-^ 

, ing rfissistance to fluid flow? On the othea: 
•luind, it. can be stated that water has been 
studied almost acf nauseatrij whiA many ^ of the. 
^uids required to be dealt with by the chemical 
engineer are almost unknown outside a special 
\industry. In certain industries, however, knewv- ^ 
ledge ^ vlfec(jsity is essential and* in them 
i;Dnvenient types of viscosimeters haye been 
developed. The petroleum industry possesses 
t\^o standard types yiscosimeters from yhich 
the kinematic viyosity is easily deriv^, one 
designed by §ir Bovertoil Redwood, the English 
standard; the other the Say bolt, the. adopted 
standard of the United States, ^he Geftnan 
type of the instrument, the Engler, is also in use. 
In the dopoi varnish, and sipilar industries, other 

37 



88- (THE FLOW OF LIQUmjs IN ‘PIPES 

V * • 

.types mcn^) 6n theHne of ^-he scientific aj)^aratiis 
for determining t|;ie absolute viscosity are in use. 

.• Fro^ what has’ already been said it is an* 
. easy matter t(f as(f3rfain tl^e fiow of any liquid 
if its absolute viscosity and 'density arej^p^wn. 

^ Ali publisliecT tables of physical constants, 
of which a •selection *is given A the Appendix, 
give siicli data for many ^substances •in the 
pure and ^lilutcd form, but. in the '^ocess.of* 
mano^cturc it is esseixtkl to be able measure 
the flow of liquids* of unknown cornpositiiii. 
In such cases the kflicmatic viscosity can be 
obtained* by determining ihe time ’ of' butfltw 
' for any of the three viscosimeters just 
picntioned. Tho relatiofi between Jcincmatic ^ 
viscosity v and T time of outflow is for tl](f 
various viscosfhicters afe JolloA^s (in e.g.s. units) ; 

Redwood ' V '= 0 0026 T — 

*Saybolt » = 0 0022 T 

♦ • , 1 

Engler (o) v = 0 00147 T — • 

. (6) r = 0t0©1435 T — 

Nos. 1 and 4 of these equations are plotted in 
l?ig. 10, |rom which it can be seen that for time 
of outflo\^«^’eater tli^in 100 seconds the kine- 
matic viscositv varies directly as viscosifiaeter 
seconds T. Below *100 seconds faflp more 
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rapidly than T, till a1| 40 sedbndl^ the Value^ of r 
descends to * impossible figuf es. It rn^ay be 
taken that the Redwood and Saybolt formnlje dcf 
not apply below. 40 if and •Eflgler below 60 T.* * • 
IT i?*now possible to give exan^les showing 
the application ^of the new refation of flbw in 
actual practice. ' * 

It Ls^*qnuired to flettu’mine the head necessary 
to* cause gow as fellows : * 

Liqtlid *• . . Concentrated siil{)tmric^ 

^ ^acid 

. . Lead 2 in. dia. {rn = ft. ) 

. 20° C. * 


Pipe* ...... 

Temperature , 
Kinematic viscosity 
from l\iblc No. 4 
*PIow • . 




o^v 


vd 


= 3x jx 


•00013 ‘sq. ft. .per sec.# 
^^ft. per sec., or 25 gals, 
per min. 

1 • 1 . 

00013 . 


= 3,850 
‘log. 3,850 = 3 5855 

^ From the curve Fig. 7 or 10 the value of 
^ corresponding to — of log. 3 5856 is 00016 

V • ^ 

00016 • 


•00016 X 9 

= I • 

2# 

•= ’0352, about 3 £b. 6 in. pjr 100 ft. 



40 • rHE PLOW OF LTQUIBg IN PIPES 
•As a chetik ihe •cal Alla tior 4 may be done in c.g.8. 


units as follows n 

« d = 2 in. = 5 cm. 

• m = 

• ^ 21*1 


S •j.S . 

4* 4' * 

V ^ vzi sq. cms. ppr^sec^ 
= 90 cm.^per sec. 

’ 90 X 5 > ' 


Now -ij-j- 

= 3,800 appfox . , 
log. 3,800 = 3-579^ ^ 

From curve Fig. 7 or 10 ^ 

= .0062 X g 
V* . 

= osooos * 

. • . t = 032 

• • * t 

An ‘j^kirierican eijigftieer, discussing Stanton’s 

researches, prefers to use the criterion — to 

oBtain the correct value of / in wjiat he term/ 
the Fanning formula : « 

Iv' 


h^f 




knowii on this side as D’Arqy’s formula. This 
does by graphing 7 in the above formula 
<vd 

agajpst , , which of course gives a curve which 
is a function of Stanton’s ^ — curve. The 

> p«* » • « 
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first method seems t^ be sii|ipleir a3 most of the 

labour involved is in determining the valhe of 
1 * 

— . Having obtained — the corresponding 

V ^ • i; § • - • 

T • * 

valutf*>Df ^ read from ,thg c^rve. 



'vii ' 

JFLOW of Liquids in channel^ 

• « 

It has aliej^dy been stated if p be the wetted 
perimeter tRen ^P- = (p of ~ , 

. V pi ^ pv^ . . • 

•• This equation enables us to deter iijine tke 
flow of liquid in ch&nnelst In Fig. ^11* are 
graphed curves at this function for clfanneis 
of varying degrees of roughness. Thus: 
Curve A Lead pipe * * fleypolds 

„ B Smooth drawn brass pipes Sfaiiton.. ' 
„ C Dra^i stee] f)ipes * Lander.. 

\t is nol;dfowever, rtecessary*to draw a separate 
graph for the resistance to flow in channMs 
be<jaus6 the value of p is a simple ratio of d the , 
diameter of a pipe: • 

^ j , vp ^ vd 

p ~ 7id, . . - = ;i — 

V V 

or lo^ ^ = log. — + 4c^. n = log. — + 0*5 

V V V 

appfox. thus : referring to graph Fig. 7 curve B 
the valuer corresp 9 nding with log.-- == 5 0 

is 00007, while on tjie ^ chart (Fig. 11) this 

¥ » - 
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• • r ^ 

Valu^ 0 / — cbrretoond^ with 5.0 +*’5 = 5-5 
ikppro^^mately. t 

,• The calculationc are mjde ^ exactly io the 
same way as already descilbed tor tho*4^if es, 
tjio.mlue fof tlih wetted perimeter^p in cm/ or 
feet being Substituted for d, the diameter of 
a pipe, •o’ •<, c # 

For exarfiple, it is required to det(?rminc the 
head*^ecessary to causo flow of concentrated 
** sulphuric acid in a iead channel 8 in. ^vide^^y 
I J in. deep at a temperature of 20° C.^at the rate 
of 3 ft. ptr second (about 35 gals.' per nSinute). 
•The value of v is 00013 sq. ft. per second, 
^ = wetted perimeter — 1^ + H +*3 in. 

1.5 ' 

= 5 ft., m = ^lydrauliqjneaa depth =*75. 




00013 


^ • = log. 4 0621 

• = 11,530 


^'= 000165 

V* 


, . _ 000166 X 9 , . 

*. -76 ' 

= 00198, about 24 in. per 100 ft. 
.Note. — i for channels is sin B where 6 is the 
anglb of tlie slope of ’'the channel. 



VIII 

OTHER ?IPE 

The foregoing deal with resijjtance to 

flgw off(^ed by the surface of a stjjaight pipe. 
We^ have* now to consider the losses of J)ends, 
v^ves, .elbows, deviation* from the straight, 
pipo, junctions, suckien onlargements and con- 
t^^ctiofft fti 4he pipe area. . • 

In ordinary hydraulics all losses are assumed^ 
to be proportional to* v* bcc^usd we suppose 
water*«to flow in the eddying stream form. If 
t\ie flow* is stream lirfo it is as^ reasonable to 
assume that losses* are proportionaL-ts^ only.* 
Accordingly therefore it must T^e known first 
whether the flow is stream line or sinuou^, which 
has already* been explained, and thep to take 
the orefinary ItydrauUc figures for sinuous flow 
fosses and correct for stream-line flo^ in the 



ratio — . This may japt be scientific in the real 

V* • 

sense, but then these resistances are 'of ^ch 


varied character that approximations can oflly 
be attempted. In an ordinary chcgnical yof ks 
it c^ be accepted that pipe lines are seldom 
straight and that lead pipes are apt to be 
talked on and knocked; bulged, .dented and 
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*•*.•'* •• 

othehris^ * niisshapdd, thit often the, “ othA 
pipe-line losses ” oomprise most of i^e resi^ance. 
Numer 4 >us examples <(ould be cited to show the 
cftctent pf “ oth^r pi'pe^-line looses ’’ in the awrage 
chemical works. One must*" suflfifce heref* The 
wyite? in investigating pipe flow iijjf one of fhe 
large tar works in th^ country stumbled across 
a case of^aTam pump wo^kin^g at 52 Ib^ pfessure ^ 
pumping ’v^ater to the Glover aci^ cooleVs 
which*«tood on a platfo#m ijot 12 ft. -'from •the 
ground. Theoretically 12 ft. is equal fb 5^^. 
per sq. in. pressure.' Double this^ fpr l)ipe 
friction ih the usual chemical way — that fs, 
11 lb. per sq^ in. — so thfit it can be reckoned 
tjiat 41 lb. per sqf in. was wasted. Though fuel • 
may be cheap in 
^such works th? cost . 
of the e^ra poweV 
used would bo many 
times that of the in- 
terest on Of larger and 

properly, designed 

pipe line. fio* 12 . 

Professor Gibson, of 5([j^nchester, has kindly 
permitted me to extract an^ adapt from his 
bqpS, Hydrmdics and itb Application, the follow- 
ing factors. 

Losses Entrante to a Pipe Liqe, — 
Th&e depend on the form of tlfe entrance. For 
bell mouthpiece, as iji Fig. 12, loss*of head is 
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OTHER. PIPE LINE LOSSES ; '47 

§ I I • ^ • 

about 05^ pr 05 — for streamMine flow. * For* 

• 2g i. • 

re-entrant mouthpiece as in Fig. 13, thoiloss ij# 


Jg jg\ •• • 

• . For^t^ie commonest case where pipe opens 
flush with side of botffm of tank or reservoir, 

k)8jj of •head is about -47 ^ or -4? ^ for stream 

^g ^g 

^ine (Fig. 14). 



Fxo. 14* 
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k' teE.J^OW PF LI(JUIPS IN PIPES 

• Lq 88 iue to*Cock8 IntCyUndrical.Pipe.— 

Referring to Fig.* K : 



F^a. 16. , 


a = sectipnal area through valvei 
= area of pipe 

6 = angle through whfch valve is turned 
F = constant in formula : 


LoSs = Ff- or 

c 2? > 2g 



6® 10° 16° 

C 

20° 

26° 

-* 

..j° 

• 

r ^ — m 

36° 

a 

A 

•93 *85 -77 

•69 

•61 

.54- 

•46 

« 

F 

•05 '29 -76 

1-66 

C-« 

31 

6-47 

9-68 


r ■ 1 

40° i 46° 60° 

i 1 

66° ' 

i 

^ 60° 

I 

66° 

82° 

A* 

I ! 

'•39:1 ♦ -32 : *25 

•19 

•14 

•09 , 

Valve 

F 

17-3 I312 52-6 

1 

1 

106 

•206 

486 

1 

• « 

j Closed 




O’f&ER.PIPE LIN^ LO$pS ; 40 

•Loss* |it Bends, Elbows; and iTe'dS. — ’ 
Referring to Fig. 16 : * * 



Jf R be the radius of* the ben^l 
•»■*»> pipe ^ 

0 „ angle , „ .bend ^ 

then tlif following values for* F in tlie formula 

-n ^ V 

given by the authorities jcited, 

Weisbach : * ^ 

E&s of lead due to bend = -- =F^— = *in ft. 

B 2g 180 

and F for circular pii)«8 = 131 + 1 847 

For sharp bends and elbows Weisbach givesg: 

. Loss = F-^ ft. 


• .# 
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• .V . t t . , 

. Oibsoft* states t^at th« above formulae giro 
low* results. • ; * . 

, Brightmore experimenting on cast-iron pipes 
, 3 *in. ^and 4 in. ^iinieter igave results ^which 
pointed to the ‘fact that Jor al][ curves J)f J^he 

best radiu? (where ^ — is from/6 to Ig) the 

r- f 


additioAal loss of heid was approximately 


Alexander and Williams’ experiments show 
that the additional loss of head di^e,to bends# 
of 90^ of radius 'R = 5r is equal to that offefed 
' a straight pipe of length 3-38Z where I is 
the length of the curved portion of th^ bend^ 

' Other authorities stajie that the resisfance ‘o’f 
easy right-angled bend is equal to that of a 
straight pipe 10 to 15 diameters loqg. ^Tte 

R 

best radius of a bend is - = 30, but if thi^ 

large radius is impracticable then adopt values 
of R between 6 and 10. Values of R less than 
5 or between 10 and 20 should be avoided. 


Loss of Head in Commercial Screwed 
Rpe Elbows and Tees.—Cribson in his work, 
bydraylica and its Applicationy has tabulated 
carefully^the experiments of Schroder) Dalby, 
Bain, Davis, from which the following aiverage 
values of resistance are calculated:. 
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S- . _ 


2 

• • 

1 

* Length of 

Value of 

Name of fitting • 

. » * • 

Volociti? in 

• pipl • 

ft. j>cr seA 

straight 

. giving 
etjnal loss 

m • » 
formula 

* 


• 

^of hgad 

(Moan ) 

V 





% 

it 




in pipe 

• 

• § 

•I 

(l.ninet^'rs 


Elbow : *• ^ 


0 


1 in. inP black mall. 




(«ldj*. . . • 

2* <b 

23 

5-76 . 

j in. in galvd. mall.^ 




•(new) . . . . j 

2 to* 10 

16 

0-53 

• 1 in.nn blaclt mall. ' 


• • 


(old) .... 

1 in. in C.I. (old) . 

2 to 10 

23 

• 0*70 — 

' ^»*to 10 


0*95 

* 2 in. in M.I. . . 

1 2 to 10 

• 34 

0-72 4 

2 in.*m C.I. . . 

2^to 10 

63 

1-34 . 

3 in. in C.I. * 

1 fo 25 

^5 

0-54 

4 in. in C.I. . . • 

1 to 25# 

1 27 -r 1 

t)-60 ' 

• «in.MnC.I. . , 

3 to 1C 

• 29 

! 

0-60 

^ * Tees : • 



• 

• 2 in. in C.H A 

2 to 10 

85 

1-9 

^ ^ 2 in. in C.I. t 

i 2 to 10 

70 

. 1-5 

^ 3 in. in C.I. B 

I 1 to 25 

115 

2-45 

3 in. in C.I. A 

1 to 25 

67 

1-43 

’* 4 in. in C.I. B 

•leto 25 

65 

1-4] 

4 in. in C.I. A , 

1 to 26 

• 

54 

1-2^ 




fc. 


refers to tee piece fixed as in Rg. 17, * 

B refers to tee piece fixfd as in Fig. 18. 
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% • 


Fia. 17. 

L 




r 

l=? 

r 



LJ 


• • 1 



a£XS' 


Fio. 18. 


^ 1) 

Losses at Sadden Changes in flection of 

Ihe Pipe.— 

'If a = area of smaK*pipe» 

A*‘= erca of large pipv) 

V = velocity in large pipe 
^ = velocity in small pipe 

771 = — 

a 

then loss of head due to sudden enlargement = 

I. V*, VVi 1\* 

^ = (m - l)*c =5^ II - — ] 

• 2g ' 2g \ 

9ot pipe diameters* ranging from 0 5 in, to 

6 in. apd values of m from 2 25 to 10-96 the 

lo§s*expreWd as a percentage of is 

about 100. In other words, the jfactpr F in 



OTHER. PIPE LINE LOSSES 1 «3 

• * v* • • 

formula Ji —F ^ i» unity.* 

• 2(7 • . 

* Losses at Joints. — For purely cl^pmicol 
work ^involving ^ load, glais# and earthen war# , 
pipe tiiips car^^ must be taken in assessing fair 
values for the various joints.* The®lead bitry^s 
joint^in lead, for flistance,%raries in* smoothness 
according to the d^grfe of skill of tlie work- 
’ man. Tlitre is alji^ays a length ot pipe con- 
.taining restricWgns which are Jbound 

to set uj) eddies and so iifcrease resistance to * 
flow.* In glass pipe^linesj’^as for example in air 
lifts fo^ circtilating* liquors fti acid-'hbsorbing 
towers, there ai;^ many types of joints, an<Wt» 
,does not follow that tiie joint •ffefing the least 
resistaiTcp to flow is the one best to be used. ^ ^ 
Tightness in th5 case*qf corrosive fluids has 
^st consideration. * One of •the^bes# joints for"^ 
^ass pipes is constructed of an ordinary earthen- 
^g^are packing ring, into which the ends •of Jh® 
glass pipe aire inserted, the joint being made 
with a stout ftibber bung as in Fig. 19. 

Earthenware Packing Ring 


• Rubber Bung 


Tio. u». 




SUMMARY 

* • t • • 

MctOern cliemical ^engineei^ing /demancl^ a 
general formula for viscous flow ; the usual 
D’Arcy ^formula and tiie ^any e^ipcfnent^l . 
formulae are either wrong or* of restricted appli- • 
^cation: i_ * ‘ * 

« t * • 

The factors governing viscous fiov^ into • 
two classes : internal and external, the former 
^rT^he ca*se of chemical fluids teeing by far the 
naiost important/ ^ • 

, Reynolds’ researches reve|iled the two modes 
of fluid motion-fc-stfeam-line flow and tiu;bulpn* 

flow. He discovered the criterion — , but 

c. * V #» 

failed to see it as an argument o^ general appli- 
cation to the flow of all fluids — liquids or gases* 
— under all conditions. Moreover he set the 
fashiqn unfortunately iUethe use of logarithmic 

formulae. 

• 

Stantgn has since provided the necessary 
data •vjonnefiting the external factors governing 
flow with the internal factors.# Adopting Ray- 
leigh’s method of plotting he has given a our^e 
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^ ^ fpr flow •over, rf very large, range* 


pv^ 


of air, water and oil through brass pipeai. • 

. . V . • . " • • 

Wlia:c the i|b^olflte viscosity 7 / and density 

« * # • • 

P of •any liqf^d are know^, the raiio - = Vis 


at oncQi determined. •? • ‘ 

TFor otper liquide kinematic viscosity v can 
H5e tbtained by d^teftmining T, the flow in 
seconds,# of ofie of Jhe thr?e standard viscosi- ^ 
meters-^I^edwood, Engl^r and Saybolt, and 
using the appropriate formula. - 


- Th« influence of tfemperatflre on viscosity 
is enormous, and^in qqpsequence also on 
rate of flow. Therefore it is important tha^ 
» he carefully determined dt the temperature 
of flow. 


^The ^ diagrams show clearly the point 

of critical velocity ; — = 2,050 or 2,900 in 

- • / 

c.g.8. units. By designing pipe flow in the 
stream-line region much* power is saved. *^or ... 
stream-line flow head varies directly, as the 
velocity, while for turbulent flow* Ifbad tanes 
as Moreever, surface of pipe has* no 

e$ect in the stream-line * region, but in the 



THE FLbw'pF LIQHUte IN ‘PIPES 

.turl3ulenl*flSw regipn the 'mature of the surface 
is e^idfent by tl;^ ^position of the curves, Af^ 
3, C, fcr lead, brass and steel respectively. 

• • • . • •-* ^ • 

. Stanton has shown that I’atio^bf me^Mivelo- " 

city^t^ velocity 6f Central filament^is a function 
of For streani-hne flow the ratio is 

% V * • * 

0*5, and for turbulent Aow-^tt — is#- 7 rising < 

^gradually to -82. ‘ • 

A 

To determine head for a* given ‘flow through 

«-1wpe: • ^ # 

(1) Determine v *for known liquids ra'tk) X 

for uilKnov^ liquids by use 
^ •of stanSard viscosimeter j 
and curves, Fig. 9. 
vd 

(2) «Fiif V and d and calculate — . • 

V • 

(3) From diagram Figs. 10 and T find value gf ^ 

^ corresponding to value — as deter- 
•mined in (2). 

(4) The hydraulic slope t then is : 



Flow through channels can be detepnined 



t * 

^•sumfAR^' -rfy 

rfom the curves of ~ pipes by.substi- 

• • • V ^ 

vd^ 

tuting for d in criterion ^ the factor p — thS 

wetteo 4 )erim€^r thus: 

* . 1 . vp* %ivd^ 

> V 


% 1 • 

•Other pipe-line losses are given lin the form 

5f a'fjfctot F in theJorAtila^A = F^ for*t\irbu-^ 

, • • ^ 

lent flqiv# aiyi h F-^ for ^stream Jine flow, 

^ m 


These losses in 9» chemical works pipe^are oftWRP 
greater than that due to pmt^ly^pipe friction. 



APPENDfX . 

TaITLIcs of vis(j 9 sity tj witj^ values qf kiquHiatio viscosity 
in sq. cms. per s^c. and in sq. feet per sec. derived there- 
froA. • Vi 0 


^ M * 

Dimensions of is =^- 5 - conversiAi factor 14^85, 

” T , 

• TABLE r • • ^ 


929?03 


Water 


Accordi’nf io Jtoskin^ and Kay and Laby, 


% 

1 S' mt 

Tomp. 

^ “ c, • 

n 

• 

C.g.8. 

p 

#• 

Qrams 
f per cubic 
cm. 

p 

• Sq. cms. 
pwaec. 

’ • i 

• V 
• 

Sq. ft. per 
sec. ^ 

-0 • 

001793 

0*99987 

001793 

006001931 

5 

•01622 

•99998 

•01622 • 

•00g01639 

10 

•013106 

•99973 

•0131f 

•00001411 , 

16 

•01142 

•99911 

•01143 

•00001230 

20 

•011006 j 

•99823 

1 01008 

•00001086 

30 

■00800 

•99667 . 

•00803 

•00000866 

4(f 

•00667 

•9922(f I 

f *00662 

•00000713 


•00660 

•98810 

•00667 

•00000699 

iL 60 

•00460 

•983^0 

•00477 

•00000614 

70 

•00406 

•97780 

•00416 

•00000447 

• 80^ ' 

•00366 

•97^0 

•00366 

•000^0394 

^ 1 

•00316 

•96630 

•00327 

•00000662 

100 

•00284 

•96840 

•06296 

•00000319 
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•I^^PENDIX 


. . ,, iPABLE 2 -’ • 

Denotes and Visi^axtica of Glycerol* Soyuiotw at 20°^. (68°) 
• accordin^t^ Ar^hbiUt and^celey andJJferlach. * ^ 


•Per cent. ^ 
(ilycerol, i 


Density la 
grains po# 
cubic cm. 


Viscosity in 
c.g.s. Units. 


• „ « 

Kinematic 
viscosity, 
c.g.s. Units. 


• 

- i • 

1 • 


• 6 

1 1 0098 • 

1 #01181 

, i 

• •10217 • 

! 0136^ 

15 

i 1 0337 

I 01680 ! 

20 

1 l‘Q^61 

I 01846 , 1 

26 

L • 1 0690 

I •0211% d 

30 

1 0720 

r 02686 1 

36. *• 

1 1 0866 

1 03116 1 

40 

i 1 0989* 

, 03791 • j 

46 

11124 • 

•04692 

• 60. 

11258 

; 06908 ^ ( 

66 

11393 

1 07664 

60 

t 

11528 

1 1031 

66 

, 11662 

{ 1451 

70 . 

m797 

! -2149 

76 

ri932 

•3371 

80 

1-2066 

•6634 

86 

1-2201 

1026 

90 

1-2336 • 

« 2 076 

06 

1-2466 

4-801 


oil 170 
^•01336 
-—1^1629 
•01766 < 
•02066 
•02411 
•02870 < 
•03460 
^ •04£18 
•06248 
•06727 
•08Ji43 
•1244 
•1822 
'^826 
•4686 
•8401 . 

1 683 . 
3-862 
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TABLE 4'^ 

Densities and Viscosities of Sulphuric Acidm^ 


• 

io. 

• 

• 

• • ; 

Stroi^h. 

II 

• , •• 

Viscosity^ 
o.g.8. Units. 

% 

0 

• P 

Density. 

0 o.g.t. 

Kinematio 
vj|posity. 
o.9«. * 

112 % 

M -por contI 

tK*3l953 

1-84 

l•17366• 

• 200 

96 „ * 

•21929 

1-84# 

•11891 

. 160 

2tf- 

f3-5 

^22144 

M7 

•018927 

23-5 ,, « 

•(n7234 

116 

•0ll832 

45 

‘•23-5 • » ‘ ^ 

•0116*8 

M49 

|010094 

‘" 0 I 6 II 6 

lf> ! 

I 60 „ 

•om56 

|M35 
• M30 • 

hirr^ 

. 25 j 

lKi-6 • „ « 

•013632 

^11976 ' 
^80692 

45 

15'5 „ 

•008981 

15 

7*87 ,p 

•01404 

1067 

* OlSlfl^* 

25 

8-87 „ 

%01100 

• 1W3 

•010345 

45 • 

• 7-87 M 

•007623 

1-056 

•0071337* 

• 

• 

• 1 

• 

m 

% 41 


5— 





Temp. 

Grams H S04 

V 


¥ 

'’C. 

f m 

per litre. 

c.g.s. 

c.g.s. 

0.gJt. 

• ^ 

20 

• 

3^-7 

0-010860 

1-02 

0010806 

• 20 

690 

•011228 

1-04 

•01077 

20 

114 0 

•012364 

1-08 

•011439 

a* 20 ; 

228-3 

•015353 

1 14 

•013467 

20 ^ 

458-4 

* -623685 

1-26 

•0188 

20 ^ 

748-3 

•040686 

1 42 

•028662 

20 

922-6 

•062068 

1-52 • 

' 04 d 634 4 

20 

1240-4 

•144730 

1-68 

•086149 

20 ! 

• 

• 

1839 6 

• 22 U 96 

1-84 a 

•^^37 • 

• 



«■ ™W\pE I^f TIEES 

^ TABLE 6 


Hydrochloric Acid 

, • 


• 

— r 

‘T-t. 

» S. 

g- 

• . 

j 

• 



r, t> 

p 

## * 


Temp. 

# 

Stfcngth^ • 

Viscosity. 

c.g.s. 

f 

Denthy. 

Kinematic 1 
viscoslly. 1 

C.j,8. 


*20 

^0 per cent. 

001T?64f 

M66 « 

0^16393^ 


16 

23 ^ „ 

01667 u 

M2 

•014786 1 


26 

46* • 

23 

23 

•0W88 
dibn 4, 
^ 01443 

M16 

1*106 

* 0:2^ 4 
“ ‘MmiJ 

t 

16 

,161 M 1 

nei 

ifi'i . 

1*08 

0*013373 


26 

f0120r 

1*076 

*011i83 


46 

1 *00868, 

1 10/^6 < 

4*0081297 


16 


j 01281 

! 1*04 

*012317 


»b «^5 

^•14 

! *01046 

! 1*036 

*010126 


45 

* *No?m’nf 

i *007236 

1 ‘1*026 

•0070695 


25 

% 

i *01230 

! 1*018 ' 

u '' 



' 


' 

• 

* 


* TABLE 6 
Aoeton»5 


Temp, 

°C, 

! n 

i O.g.8. 

p 

0.g.B. 

B) 

0*00416 


l» 

1 *004016 

< * 

20 

1 *003794 


28 

1 003762 

* i 

‘*30 

; *003636 

' j 

c 40 

*0033746 


6(K- 

i *10^1216 

• ' 





TABLE 7, 


^ Beneol ^ 




• • 

-f 



* *»% 

0.g.(K • • ' 


c.g.s. 


• 



^ 0 • 

• 

10 

00(%J 1 

•0074% 

\ 

m 



•00739 



I 

. 16-6' 

^•00688 



20 

^ -00646 




► •< 

- -00661 




40 

^ 00492 . 




1 60 

^ -00133 




‘ 60 

' -00389 



i 
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tAbLE 8 

©Nitri# Acid 


' ^r* 

• 

Strength. 

C.g.B. 

• /> * 

e.g.e. 

• ^ 

0 

*100 . per cent. 

002273 

1-63 

0-014^6 

10 • 

100 

•01770 

1 61 

■01171 

* 20 

100 • ,. 

•01003 

1 60 

•00669 

’ 16 

23-3 

•0145 

M38 

•■012742 

25 

23-3 

01181 

1132 

■01042 

45 ! 

23-3 

-008346 ! 

1 12 

■00713 

16 

18-2 „ 1 

^1255 1 

Ml 

•0W307 

25 

18-2 „ : 

•010338 

1 106 

•00936 

45 

182 » , 

•007341 

1 095* 

•00^ ^ 

16 

S37 

•01»984 

1 046 1 

• • 

25 

8-37 

•009894 

1041 i 

^ • i 

45 • 

8-37 „ i 

0(^783 

j 

0 j 


Normal 1 

• ; 

-012896 

1-035 ! 

• 1 





TABI^ 9 1 • y 

\Ierouby. Kaye a^d Laby • 


a^. . ■ — 

Temp. *4 

’ ^ 
o.g.a.il9nita. 

' e 

p 

/Irama plir o.g.s. 

* Unit. 

• 

o.g.a. Unifl. 

'V*'* 

•0186 

13-6460 c 

0'0013«2 

0 

fOl# 

13-6966 

^012313 

^ 20 

•0160 

13-6462 

•0911612 

1, #60 

•0141 

13-4729 

•00/0465 ^ 
•00091372 

100 

t0122 

‘^13-36t8 

• 200 . 

•0101 

13-U5 

•00077011 

300 

' 0093 . 

12-881 

•000722 ^ , 


\ 
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